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EFTECT OF CRITICAL MACH NUMBFR AND FLUTIXR ON
MAXTMUM POWER LCADING OF DUCTED FANS

By Arthur A. Regiler, Jchn G. Barmby, and Harvey H. Hubbard
SUMMARY

Flutter tests were made of two wind-tumnel-fan niodels, ome of
which had conventional Clark ¥ airfell sectlons end the other of
which had high-camber blade secticns. The results of the tegts
confirm the stall-flutler theory which predicts much higher flutler
speeds at the high 1ift cosfliclenta for the hisgh-caitber blades.
The high-camber blades could, therefore, be operated at much »
higher powsr lcading than could the low-crmber tlades. Aerodynamic
data of thess tests indicated little difforence in efliclency for
the two fans but somewhat higher maximum lift coefiicient for the
high-cariber fan. The officisncy of the fans decreased after the
velocity, as calculated by two-dimensional theory, exceeded the apeed
"of sound on the upper blade swriace.

An analysis is made of the factors that determine the power
lcading of a fan blade section. Craphs are presented which give
the maximum power loading for ideelized sections of various
tlhickuess ratios cperating at the critical Mach number.

Exemples show that the ideal or desipgn lift coefficient of
an airfoil is almost the smme as the 1ift coefficlent giving the
maximu flutter speod. It is +therefore desirable thiat & section
be operated at the ideal 1lif% in crder to obtaln high critical apeeds
as well as the maximum margin of safety with resvect to flutter.

INTRODUCTION

An lmportent problem in the design of ducted fans, such as
wind-tunnel fans and axial comprosasrs, is the absorption of maximunm
powsr at high efficiency without blade fallure. The present paper
1s concerned with two of the Tactors which may limit the power
loading of fans. These factors are the flutter speed and the
critical Mach nuiber of the blade secticn.
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The flutter speed is shown in reference 1 to depend on the
1ift coefficient of the blads. For operatlion at high 1ift coeffi-
cients, theory shows that the flutter speed can be increased by
properly cembering the blade section. In order to check thls
theory, a model fan having high-camber blades was built and
tested and the results were compered with those for a fan heving
Clark Y airfoil sectlons. The results of these tests are reported
in the present paper.

In order to determine to what extent high 1lift coefficients
can be used to advantage, en analysis is made in which the ocritical
Mach numbers of the blade sections are taken into consideration.
Relations for the power loading and the pressure rise are obtained,
and the maxirmm power loading per unit blade area is given for
idealized airfoil sections of different thickness ratios operating et
the critical Mach number. The analysis applies only to a blade
element operating at ideal conditions and, therefore, cannot
be directly applied to the performance of the entire blade. The
analysis serves, however, to show the important parameters and gives
an upper limit to the useful power that can be ebscrbed if the
gection criticel Mach number 1s considered to correspond to the
limiting speed for efficlent operation.

SYMBOLS
T thrust, pounds
v axial velocity of stream, feet per second
o} density, slugs per cubilc foot
W resultant velocity at blade section, feet per second
c chord, feet
A blade area, square feet
M Mach number
My helical tip Mach number
8 speed of sound in alr, feet per second
P power, foot pounds per second

Py power loading per unit blade area, horsepower per square foot
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Cy,

7

Mo/ b

o IR B

ct

1ift coefficlent

geometric helix angle, degrees
radius to propeller section, feet
propeller tip radius, feet
number of blades

solidity

pressure coefficient

slope of lift curve

pitching-moment coefficlent about quarter-chord point
distance along x-exis, chords
distance along y-axis, chords

location of center of gravity as measured from leading
edge, chords

1ift coefficient for ideal no-twist condition

untwisted or design value of 1lift coefficient

dynamic pressure of operating speed, pounds per squere
foot {%pWé)

torsional stiffness of blade, foot-pound per radian

shear modulus of elasticity, pounds per square foot

torsion modulus of section, feeth

thickness of section, feet

reprosentative length of blade, feet

quantity rate of flow through fan, cubic feet per second

Pressure rise through fan, pounds per square foot

calculated classical-flutter tip Mach mmber
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Mfmax maximum measured flutter tip Mach nwiber
Mfmin minimm neasured stall-Tilutter tip Mach number
a section angle of attack, degrees

B blede angle at radius r, demrees

Q angular velocity of propeller, radiane per second
n efficiency

a' rotational-velocity interference iactior
Subscripta:

u untwisted or desin

cr critical

I 1deal

div divergence speed

f flutter sneed

i incompressitle

M conditions at eritical Mach nurber

max maxisnm

o] standard conditions

The following enalysis is based on simple
and neglects the drag forces and the change of
passing through the fan.
figure 1.

THECRETICAL ANALYCIS

Relations for Power Loading and Pressure Rise

and the axial veloclity V.

1330

bladse-element theory
denaity of the rluid
The quantities considered are shown in

Tue useful power is given by the product of tihe thrust T
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For an element of blads radius dr the relatione for ihe
power are as follows: :

dP = V4T = V 4% cos ¢
where

aL = J;)p’v!?()Lc dr

V=V sin ¢
Therefors,

i? = %pw?)CL cos § cin ¢ ¢ dr
Since

c ér = dA

ond

cos ¥ sin ¢al' sin 2¢ -

2]

&

= irp'zﬁcL sin o (1)

£

A

The quantity 4ap /dA is the power loading per wnit blede area.
When the resultent blade-element velocity W ig expressed in
terns of Mach mmber M and speed of sound a, equation (1) wmy
be written ‘

e
—~—

= focpMiad sin 2y - (

N

£1

If the geometric helix angle ¢ ig 45°, the powsr loading per unit
blade arses 15 a maximum; that is,
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<dd-‘1§‘21ax = Locypdel (3)

A convenient expression for the meximum power loeding per unit
blade area PAmax expressed in hcrsspower per square foot for alr

at standard conditions is

0.002378 x 11163) 3
P =3 ( : CrM
Apex 4 550 L

4

= 1500 CpMd _ (4)

Equation (4) may be written in a more gensral form for any density
and speed of sound as

=150 2 (& 3
Py = 1990 5 on CIM (5)

where pg refers to density of air at standerd conditions and

a to speed of sound in air at stendard conditions.

O)

An expressicn for the pressurs rise may be obtained by equating
the thrust of the fan blade clements to tie product of the pressure
rise Ap times the area through walch the blade elements sweep.
Thus, for a fan having a given nuwmber of tlades B and, & blade-
element radius dr

B 4T = Ap2nr 4r
Ay = 2O
2nr dr

%QWQCI_;BC dr cos ¢

Ztr dr
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Since
B..—c—- = g
2mr
Ap = %pWQCLU cos ¢ (6)
Or, in termg of M and =,
Ap = %pCLMQe.Eo’ cog ¢ (7Y

It may be noted that the maximum value of Ap occurs when
1s 0°; whereas the maximum value of P, ocours when ¢ is 450,

Maximm Power Lecading as Limited
by Critical Mach Number

Fquation (3) shows that the power loading is proportiocnal
to CLM . Increaging the 1ift coefficient generally decreages the

critical Mach number. The problem is therefore to find the value
of CIM and the assoclated section critical Mach number M., such

that the product of CIMMCT3 iy a maximum., In the present analysis

the critical Mach number of the blade section ies assumed to be the
upper 1limit of efficient operation.

Ideallzed sectlions.— Max. A. Heaslet of the Ames Aeronsutical

Laboratory of the NACA has shown the relation between critical Mach
number and 1lift coefficient for various alrfolls. As a limiting

case an ideallized gection with elliptical thickness distribution

wag used; this section carried lift with a flat~top 1lift distribution
in vhich one~half of the 1ift was considered to act on the lower
surface and one-half, on the upper surface. Such an 1dealized section

hag been used in the present paper to evaluate the quantity CIMMcr3
for various thickness ratios.
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The method used for calculating the critical speed of an
airfoil at a gilven 1lift coefficient conslstd of flrst calculating
the potential two-dimensional pressure distribution. (See references 2
to 4.) The pealk negative pressure 1s then corrected for compressi-
bility, and the stream Mach number 1s found =t which the local Mach
nwiber is uwnity. The 1ift coefiicient for incompressible flow is
then corrected for compressibility to this stream Mach number. This
1if't coseflficient 13 designated CIM and the corresnonding stream

Mach number is designated Mgy. TFor simplicity and consistency

both the peak pressure coefficlent and the 1ift coefficlent have
been corrected in the present paner by means of the Prandtl-Glavert
fector ag follows:

O
R
T8 I'Icr .
and
G
M g T o
/1 - Mop
In figure 2 the values of CIMMCT3- and aaximum power loading
PAr (hp/sq ©t) eve plotted against Cry for the family of
1aX

hypothetical ideslized alrioil sections. Tines of conatant critical
Mach nuaber are also shown. The figure shows that for these
idealized alrfoil sections, the power loading becomes greater for

the higher 1ift coefficients. For example, a 9-percent-thick airfoil
section operating at Cﬁﬁ = 0.3 has a critical Mach nuriber of 0.8

and a power loading of 225 horgepower per square fcot. A sectlon
of the same thickness operating at 'CIM = 1.05 has a critical

Mach nunmber of 0.7 and a power loesding of 540 horsepower per

square foot. The maximum power loading occurs at the highest 1lift
coefficient at which the section cperates. I the curves were
extended far encugh, they would have maximum values of CIMMCT , but

the curves were calculated only to a valus of 1.5 for CLM since

this value already is higher than that normally obtained in practlce.

Flgure 2 also shows the advantage of using thin alrfoil sections
to absort higher power. The power loadling at CLM = 0.8 18 516 horse-
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power per square foot for a G-percent-thick alrfcil section and

330 horsepower per asquare foot for a 15—percent-thick sirfoll
soction, This conclugion regerding the effect of thickneass applies
only for alrfolls operating at the design 1lift coefficient,

Because of high peak pressures at other than the design 1ift coeffi-—-
clent, the thin airfolil sectlons may not have the advantage showm
by figure 2.

Conventicnal alrfoll secticns.— As pointed out by Heaslet the

idealized cections are not practical airfoils, chiefly because the
elliptical thickness dlstribution would cause flow sevaration on

the afterbody; thus, high drag would result. The iderlized section

of a given thiclkmess ratio, furthermore, represents a different shape
alrfoll for each 1ift coefficlent., Thua, the curves in figure 2

for 6-percent tiaickness represent not cne a’rfoil shape but en

infinite number of airfoil shapes of G—percent thickness. Tn order

to determine how near conventional airfoils approach the idealized
pection In critical Mach number and power loading, three conventional
airfolls are compared with the idealized sections of the same thicknesa.

The three conventional airfolls arc a Clark Y airfoil section
having 11.7-percent thickness and 3.5-percent camber, a Clark ™
alrfoil sectlon with the same thickness distribution but with
9—percent camber, and an NACA l6-serics airfoil of 12-percent
thickness, 5.5-percent camber, and & design 1ift of 1.0, The alrfoil
shapes are shown in figure 3. The coordinates of the first end second
alrfoils are glven in reference 3 end the coordinates of the last
alrfoil are in reference k.

The critical Mach number ag determined theoretically is plotted
in figure 4 for the conventicnal airfoils and the 12-percent—~thick
ldeslized airfoil, The critical Mach number for the ideslized-airfoil
curve decreases with an increase In 11ft coefficient. Fach conventional
elrfoil is seen to approach the curve of the idealized alrfoil over
a certain range of CLM. This favorable range coincides approximately

with the deslgn or ldeal 1ift of the partlcular airfoil. At low
values of the 1ift coefficient the critical Mach numbers may be low
because of the high velocity at the front lowsr swrface of the
airfoll.

Figure 5 glves the maximum power loadinz for the same airfoils.
The power loadlngs for the high-camber asirfoils become Pavorable
only at the higher 1ift coefficients. At the high 1ift coefficlents
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the high-camber secctions heve higher power loadings than tho low-
camber section. Some doubt exlists, however, as to the meximum 1ift
coefficient that can be used in practice without separation of flow
resulting in low efficiency.

The design of the whole blade for a given operating condition 1is
beyond the scope of the present paper. If the entire area of &
propeller or fan blade is considered, the average power loading 1s
much lower than the maximum power loading which refers only to the
loading of an isolated blade section operating at its critical
speed. This difference occurs because the inboard sections are
operating at much lower stream Mach numbers and because the helix
angle varies along the blads. The average power loading is probably
increased by reducing the tip 1lift coefficient and increasing the
tip Mach number; thereby, the power loading of the inboard soctions
is increased.

Maximum Power Loading as Limited by Flutter Speed

Flutter 1s & self-excited oscllletion of a body caused by energy
absorbed from the alr stream. This oscillation is usually very violent
and destructiva. The two principal types of flutter are clasaical
flutter and stall flutter. Classical flutter is an oscillatory
instability of en airfoil opsrating in a potential flow. In general,
such flutter requires at least two coupled degrees of freedom, such
as bending and torsion. Stall flutter is caused by seperation of
flow and occurs on airfoils operating near or in the stall condition
of flow. This type of Tlutter requires only one degree of freedom,
usually torsion, and is genorally attributed to the hysteresis in
the 1ift curve near stall.

In reference 1 the classical flutter speed and the divergence
speed are shown to be almost the same for propellers and fans. A
design sufficlently rigid to preclude divergence is usually suafs
against classical flutter. The aerodynamlic moment may however
appreciably twist the blade at much lower speeds. This twisting may
change the anglo of attack sufficiently to cauge stall flutter.

In reference 1 the stall flutter was seen to occur on a conventional
Clark Y airfoil section whon the blade twisted sufficiently to
increase the 1ift coefficient to about Cp = 1.0. This value cannot

Le taken as an absolute limit since the stall characteristic depends
on Reynolds nwiber, Mach number, and type of alrfoil. No asrcdynamic
twisting mouwent would be present on the blade if the asrodynamic
center of pressure of the blade section coincided with the center of
gravity of the section (refersnce 1). For this condition ths blade
does not twist until the divergence speed 1s reached. The relation
for this 1ift coefficlent of no twist 1s glven in reference 1 as
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O, = = —— 8
Ly . (8)

whers
Cmgsy  pitching-moment coefficient about quarter-chcrd point

Xc.g. location of center of gravity as measured from leading edge,
chords

If the 1ift coefficient is greater than CLuI, the alrfoil fliutters

at reduced speed with positive stall; if the 1lift coefficlent is lsss
than CLuI’ flutter cccurs at reduced speed wita nigative stall.

In either case, the maximum power that the blade absorbs occurs when
the blade is operating at ils 1ift coefiicient of no twist CLu .
- I

The following equations, based on equations from reference 1,
have been used to calculate the 1lif't coefficient at flutter sneﬂd
for any velue of CL

0 = C 1) .__{ilg:}__ (5)
JL_ L\J. l"""L LU.I l""' -
934+, dd1v.
o
cL=c-——@L~c ) (10)
O Qa1v Tug 7
where
Cy, 1ift coefficient
' CL, untwisted or design valuc of 1ift coeificient

CLuI  1ift coefficient for ideal no-twist condition

q/qdiv dynamic pressure of operating speed divided by dynamic:
preasure of dlvergencs spsed )
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From equation (1) the power loading is seen to be proportional
to W3CL. Since q 1s proportional to We the power loading/for

a given value of Qaiv is therefore proportlonal to (g, -fL{>

daiv.
Figure 6(a) gives the relative maximum power loading at flutter speed
for the condition that CLu is greater than CLu . The curves
1

are calculated by use of equation (10} on the assumption that flutter
occurs when Cp, = 1.0. As was pointed out previously, all airfoils
do not flutter at exactly Cp = 1.0. The uge in this analysis of

this value for Cp as the lift coefficient at which flutter occurs

is for purposea of estimating the variation of power loading for
various values of CLu and CLu .

It CLu is less than CLu , the operating lift coefficlent
1

decreases with increased speed and the maximum power loading drops
off very repidly as CLu differs from CLuI' In this case the

maximum po&er does not oceur at the Tlutter speed but at some point
below the flutter spsed. The meximum power loading for variocus
values of CL is plotted in figure 6(b). The curves in this

figure were ob%ained by graphical methods and use of equation (9).

Figure 6(a) shows that 1f a blade sectlion having a value of
CLu = 0.4 ig operated at CLu = 0.8 the blade absorbs only 0.2 of

1
the power it would absorb if it were operated at cLu = 0.4. PFigurs 6(1b)
shows that if the blade section having a value of CLuI = 0.4 were '
operated at CLu = 0.2 the blads absorbs only 0.02 of the power it
gbsorbs when operated st CLu = 0.4. This example illustrates that
for a blade to absordb maxiim powor, cLu gshould equal CLuI; and,,
if & deviation exists, the value of CLu should be greater than CLu
I

rather than smaller. These conditions are In linc with standard
practice.

The dynamic pressure of divergence speed %31y is that pressure

at which the aerodynamic-moment stiffness of the blade equals the
torsional stifiness at the blade and may be obtained Tfrom vibration
date as indicated in reforences 1 and 5. Reference 1 gives an
expression for the divergence spsed in terme of the torsional
stiffness of the blade as Tollows:
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d31v = 2 &CL, (, T (11)
Lo® da \c-g- 'L)
where
L representatlve length of blade, fest
c chord, feet

Xc.g. locatlon of center of gravity as measured from leading
ed¢ge, chords

K torsional stifiness of blade, foot-pound per radian

The torsional stiffness X is proportional to %g viere G is

the shear modulus of elasticity of the material and J is the torsion
modulus of the section. For thin sectlons, J is approximately

proportional to t3c where t is the thiclmess of the section.
Fquation (11) may be written

G(}L‘)3 c?
Qaiv « Q(‘L 2
Cooc 1) o

Equation (12) shows that 244v varies directly as ths shear

(12)

modulus of the material, as the cube of the thickness ratio, end as
the square of the chord-length ratio and variles inversely as the
distance of the section center of gravity from the quarter-chord
position. For example, if the blade thickness is increased from

: =\ 3
6 percent to 15 percent, qg4y 18 increased by a factor of lé)

or 15.6. If a blade is meds with a sufficicntly lerge thiclmess
ratio or sufficlently large chord-length ratio, the Tlutter problem
can be eliminated entirely: This increase of ratlos, however, 1s
done at the expense of more weight or of poor ucrodgnamic character-
istics and lower critical speeds.

The stall-flutter speed expressed in terms of dynamic pressure
rnay be obtained from equation {(10) on the assumption that flutter
occurs at a given 1lift coefficient C- The equation is
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ax.f - 01

- = C1y .

% = adv\ T T (13)
Iy~ “lug

For pesitive stall flutter, CLf > CLu >~CLuI. If CLu
equals CL , the term in the parentheses equals vnity, wiica is
ut
- its maximwm value. Any deviation from this condition reduced the
flutter speed. By proper design of the chordwiss load distributlon,
CLu may be made identicel to the ideal or deslgn 1if't coefficlient
I

of the blade section. The ideal 1lift corredponds to the lift at the
ideal angle of attack, which is defined as tie angle at vhich the
front stagnation point is at the leading edge of the seirfoil. If
the section is cperated at this ideal 1ift, the highest critical
speed and best flow conditions ars obtained for that operating
condition. (See reference G.)

For the homogensous conventional airfoil sectionsg considered
in the present paper, CLI is almost equal to CLu . Teble I

I
gives the valuss of CLu and CLI for the three airfoil sectlons pre—
I
viously discusmed. The values of C;  are czlculated by equation (3).

1
The values of Cmc/h and, CLI wayre cbtalned from potential

calculations. As seen from tabls I, operating the alrfolls at Cp
. uI
has no disadvantages since CLI and Gy are almost the same.
B JuI

The valuve of Qv that should be used depends on the
application. In general, a very high value of qdiv glvasg a

gtifTer blade Laving a longer opcrating life, particularly in
applicetions wiere vibration i severe. A high value of qu45

is also necessary vhore the operating conditions vary widely, that
is, wherc the value of CLu varies ovor wide limits. Equation (13)

shows that for such conditicns ay mey be only a small frection

of In some wind-tunnel fans end exial-flow compressors,

Qa1v*
hovever, the operating condition with respect to the blade 1lift
coefficlents does not vary appreciaebly. In such cases a lighter
blade having a lower value of ggi, M2y bo succegafully used. It

appears that the most economical and efflicient design would be one
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in which CLu - of the blade wexe cqual to the minimum operating

1ift coefficient for maximum speed. In general, such a design gives
the highest critical speed as well as the greatest flutter safety
nargin for a given valus of daiv"

EXPTRIMENTAL STUDIES OF FAN FILUTTER AT HIGH T.OADING

Equipment and Test Procedure

Wind~tunnel-fan models were tested in the same opoen-return
tumnel used for the tests of refsrence 1. A diagrametic shetch of
the test setup 1s shown in figure 7. The blade tips ware illumineted
by stroboscopic light and observed in omeration by meesns of a
window in the tunnel wall. The bladc lcad and CLu ol the blede
were varied by means of slats In the tumrel exit. Theso slats
change tae tunnel veloclty and thereby change the angls of atback
of the fan blades.

The Tans are mede of laminated Sitka spruce and have a gnecific
gravity of about 0.5 end a diametor of 45 inches. Blade-Torm curves
for the fans tested are ghown in figure 8. The fans are ay follows:

Fan A i3 a six-blade fan having conventional Clark Y alrfoi
sections. This fan ig the sawme as the fan designated In reference 1
as propeller A

Tan B is a four-blede fan having Clark YM airfoil ssctions of
9-percent cambor. This [an has the sane blade dimensions and 1ift
distribution along the dblade ag fen A, Fan B i3 also operated as
a gix-blade fan tc obtain scme Tlubter pointg at low 1lift coeflicients.
411 data reported ere taken for the four-bleds fan except one datum
point at CLu = 0.4 in figure 9.

- Fan C is ths same Towr-blade high- caﬂmcr fan as fan B but with
‘the difference that one blade was weckened by cutting out nart of the
spruce and inlaying a bhalsa insert. 1z cut-out was necessary to
weaken the blade in ordsr to obtain flutter over a wide range of 'CLu.
The flutier gpeeds of fan C refer cnly to the Ilatter of the woalkened
blade. Cutting and inlaying the hlade wvarped the blade suf;;cieptly
to give 1t about 11'D“ernt cember. Ths value of CI - for this

section is therefore not the same g that given in table I for the
S-percent~carber Clark ¥M airfoil ssctionm.
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Results

_ Comparative measurerents were made with the six-blede fan A

end the four-blade fan B to determine the flutter characteristics,
meximum power loading, meximum 11t coofficient, and efficiency of
the two fans. The power loading is expressed in terms of horse-
power per square foot. Each blade has on area of about 1/% square
foot.

The results of these tests are given In Iigures 10(a) to 10(e).
The efficiency is defined as the useful power divided by the motor
output as measured by & strain-gage dynamometer. The power is tho
integral of dQ Ap, where Q 1s the quantity rate of air flow through
the fan and Ap is the pressure rise through the fen. The absolute
values of these measurements are not very good, but the same
systematic errors apply to both fans; congsequently, the efficiencies
should be ugseful only for compariscn purposes. The fan losses are
due to the drag of the alrfoil sections and the rotational energy
logss. Since the airfoil sections were sumall and rough (maximum
Reynolds nusbsr of 1,000,000), the section drag losges were probably
higher than for full-scale faens. From the consideration of efficiency,
there seems tc be little choice between the two fans.

The 1ift coefficients are given for the 0.9 radius. The 1ift
coefficients are obtained from total-pressure measurenents taken
behind the fans and by use of oquation (6). The rotatlonal-
velocity interference factor a' is low for the tip section of
the fans tested. This factor was therefore neglected in the
%etermi?ation of W for the calculation of the 1ift coefficient

a' = 0). :

Since the model Reynolde nuubers were small and the models were
rough, the maximunm 1ift ccefficlents are probably less than would be
obtained with larger Reynolds numbers and smoother models. Fen A,
having a conventionel Clark Y airfoil section, gave maximwn 111t
cosfficicnts of 0.8 at the 0.9 radius and of 0.9 on some of the
inboard sectlions. Fan B, having the 9-percent-camber Clark YM
eirfoil sections, gave maximmm 1ift coefficients of about 1.0 at .
the 0.9 radius and of 1.4 at some of the inboard sections. Although
the higher-camber fan does give somewhat hilghor maxirmum 1lifts,
these high 1ifts are obtained at scome losses In efflciency. The
prediction of how much lift would be carrisd by fans opcrating at
high Reynolds numbers, without separation of flow occurring wit
a resulting loss of efficiency, is difficult hecause of some uncertalinty
of the effect of Reynolds number on the maximum 1ift.

The blade-tlp twisting es & function of the 1ift coefficient
for constent fan speed is given for fan B in figure 11l. The 1ift
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coefficient is given for the 0.9 radius and is calculated from total
pressure nocasurcmonts as previously digcussed. Tha twist at the
tip was observed by means of a ctrcboscope and was measured with

& protractor cn a telescops. Figure 11 chows that for constant
oporating speed the bvlade twisting deformation increaseg the wnile
of attack at the high 1lift coeflicients and dscreasss the angle of
atteck at the low 1lift ccefficients. Note that a 1lift cosfficlaent
exists for which the blade twist is zero. This velue of C; is by

definition the experimentel 1ift coefficient of no twist CIu .

The value o CLu for fan B is approximately 0.8 (fig. 11). This
!
value 18 lsss than the theoretical value,l1.15, for the Clarl M
alrfoll section given In table I. Thig dlacrepancy is believed to
be due to soctlon boundary-layer effects. The experimental valus of
CLu for fan A is glvea in reference 1 as 0.37. Although fan B
I ,

hag an experimental value of C legs than that predicted fron
L1

theory, tlie experimental valus of CI is about twice that for
fan A. A fan with the sams soction as fan B can be crployed at high
1ift coelfficients with a groater margin of safuty then can a low-
cauber fan gection.

The decreage of C; with tip Mach nwaber as ghcwn in llgures 10(a)

and 10(b) for fan B 1s ohviously caused by the blade twisting and

decreasing tho angle of attack because the rfan is operated at a 1lift

coefficient below the experimentally determinzd value Cy = 0.8.
o . ) "’.u]'

The decreass of G at high Mach numbers shown for fan B in

figure 10(c) is pr*marllr a comprassibllity efiect augﬂentuo by the
blads twisting in a nogative dirsction hecausc the center ~f prassure
has moved back at the high Mach numbers. Tigures 10(d) and lO(é)
glve vesults for both fansg pertly stulled with resulting low
ef¢1cLency

The power ]oadin; of the Tans as glven in figure 10 lg expressed
in terms of horsepower por oquare foot, The meximun valuss obtoined
in thess tests ere mich below those ghewn in figures 2 and S which
glve theoretical values calculated on a basis «f a 45° helix angle
and the critical Maca number of an isclated section. For a fan of
which the Mach numoervand helix angle V&ly preatly with the rudius,
the maximm values glven in figurss 2 and 5 cannot be attained. Tor
an axiel-flow compressor, however, of wbich the blades are short
" end made to operaty al eGSeﬂfiallj & constant kelix onglée and Mach
‘nunber, 1t may be pcssible to attaln a vower loading approaching
that given in Tigures 2 and 5. .
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The critical Mach numbers obtained from figure 4 are glven in
figurs 10. The values of Cy, used for obtaining M., are taken

at M = 0.k, Since Cr, changed with tunnel conditions, the

criticel Mach numbers are different. The critical Mach numbers of
both the upper and lower surfaces @f fan B are also indicated, TFor
fan B at low 1ift coefficients a high velocity peak occurs on the
lower leading—edze surface; thus, a low critical Mach number results.
This localized supersonic region does not seem to have much
significance. The conclusion is in agreement with the conclusion
in reference 4, which states that the Mach numbers at which large
changes in airfoil characteristics occur are difficult to predict
especially when sharp pressure poeks exist at the leading edge. In
figure 10(b) no significant chenges in the 1ift coefficient or the
efficiency are seen to occur until the critical speed on the upper
surface has been exceeded. This drop in efficiency is probably due
to flow separation caused by shock, as polnted out in reference 7.
These tests indicate thet the critical speed of the upper surface
as calculated by two-dimensional theory is essentlally a limiting
speed for efficient operation of ducted fans.

One of the most significant results of the investigation ls
given in figure 9. This figure gives the maximum power abgorbed in
terms of horsepower per square foot for fans A and B as a function
of the 1ift coefficlent CLu at 0.9 redius. The curve for fan A

represents the power absorbed as limited by flutter. The maximm
power loading is about 100 horsepower per square foot of blade area
and occurs at a value of CLu of about 0.47. This result is in

fair agreement with the theory which shows that the maximum power
loading should occur at CLuI of ebout 0.37 for fan A. Fan B did

not flutter at values of CLu between 0.5 to 0.85; consequently,

this part of the curve is shown as a slort-dash line. In this
range the power is limited by the maximm speed of the motor. This
meximum power loading for fan B is beyond the limits of efficient
operation beceuse the fan is operating in the supercritical speed
region. The flutter points were obtained at values of CLu of 0.4,

0.88, and 0.92 and this part of the curve is shown as a solld line.
The long-desh curve gives the power loading at the point where the
fan efficiency has dropped to 80 percent. The power loading of

fan B reaches a maximum value of 150 horsepower per square foot

which is considerably greater than that reached for fan A.

The flutter point for fan B at CL, = 0.4 was obtained with
a six~blade fan; the points at CLu = 0.88 and CLu = 0.91 were

obtained with the four-~blade fan B. The steep slope of the power—
loading curve for fan B at the high and low 1ift coefficlents
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indicates that a fan having high-camber sections can be used
succegsiully to abgorb a large amcunt of power over a certsin rangg
of high lift coefficients but that such blades have undesirable
flutter characteristice at the low 1lift coefficients.

The vibration frequencies and flutter speeds are given in
table TI. The flutter speeds are calculated by the method of
reference 1 when the 0.8-radius station is usod ag the reference
station. The maxinum and minimum measwred flutter speeds sre also
tebulated. The minimum speeds are those obtained with the blades
conpletely stalled.

The maximur flutter speed for fan A is somewhat less than the
calculated classlcal-flutter speed corvected for compressibility.
Fan C checks the calculations quite closely. Fan B had some
incipient flutter at a tip Mach number of 0.57 when operating with
the tunnel open. This Mach number corresponds to the approximate
critical Mach nmumber of the upper blade surface for tunnel-open
condition. As the speed wae increased into the supercritical
region, this flutter disappeared and the blades operated very
smoothly to the top speed of the motor which corresponds to a tip
Mach number of 0.86. At these top speeds the blade lost most of
the 1ift neer the tip and, also, twisted in a negative direction.
Although the ducted fan operated smoothly in the supercritical
reglon at speeds above the classical-flutter speed, it does not
necessarily follow that such will be the case for three-dimensional
bodies.

The laet rcw of table II glves tho miniivm measured stall-flutter
tip Mach number divided by the calculated classical-flutter tip
Mf . '
Mach number i_gﬁg . This number is of particular interest when
cal

fang are considered which may be required to cperate in the
completely stalled condition. No reliable theory is available,
unfortunately, for predicting this minimum flviter speed, which
varies for different blade-section shapes, blade plan form, blade
materlals, and so forth. At present any design which is intendad
to operate in the stalled condition should bs tested by overspeed
whirl tests.

CONCLUSIONS

The results of the analysis and of tests made of two wind-tunnel-
fan models to determline the efrlect of flutter speed and critical
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Mach number on the power lomsding of the blade sections indicated
the followilng results:

1. In spite of the fact that higher 1ift ccefficlents result in
lower critical speeds, the power tiat a blade sectlon absorbs at
the critical speed 1s a mexinum at the highest 110t ccelficient the
blade section cen develon. Thils fact applies to idealized sections
and to conventional scctlons operating near the ideal 1ift.

2, IT flutter limits the operating specd, the fan absorbs the
maximum nowsr when the blade is designed to operate ut the 11Xt
coefficient of no twilst. When this Llift coefficient and the
ideal or design 1lift coeffTicient are identicel, a blade operauing
close to its ideal 1lift has a naximun critlical speed as well as a
maxirmum flutter speed. Any materiel deviation from the ideal 1ift
coefficient rosults in a greetly reduced maximum power loadinz.

L

3. The anticipated increase of wcwer lcading of the high-
camber blade was obtained in tle tests. There was little dilTerence
in the efficiency between tie Clark Y and the high-camber Clark YM
fang, but the high-caiber blades developed somewhat higier maximm
1ift coefficients. The uizh-camber blades, howsver, were found %o
have very poor flutter characteristics at the low 1ift coeXficients.

4, The fan efficlency decreaséd rapidly after tlie sonic velocity

on the upper blade surface of the fan sectlons was exceeded,

Langley Memorial Aeronauticel Laboratory
National Advisory Committee for Aeronautics
Tangley Tield, Va., April 16, 1947
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TABLE I.- COEFFICIENTS AND LCCATION OF CENTER COF GRAVITY

FOR AIRFOTIL SECTIONS

Airfeil Crag 7 14 Xo.g. Crr Clyg
Standard Clerk Y | -0.085 | 0.4k 0.50 | G.b5
NACA 16-1012 -.25 43 1.00 1.05

TABLE IT.- VIERATION FREQUENCIES AND FLUTTER SPEEDS

Ttoems Fan A Fan B Fan Cl

Tirst bending frequoncy, cps Th &l 76
Second bending frequency, cCps 2h6. 245 220
First torsion frequency, cps 355 305 287

Calculated clesgilcal-flutter or
divergeonce speed at 0.85-radius

station, fps 772 795 el
Celculated classical-~flutter tip
Mach number, Mg . 0.85 0.89 0.70

Calculated classical-flutter tip
Mach number, corrected ior
compressibility 0.75 0.78 0.6k

Maxlom measured flutter tip

Mach number, Mg o 0.71 {a) 0.66
Minimum measurad stell-flubter

tip Mech mumber, M, 0.3h 0.4k ¢.28
Me min
-l 0.40 0.50 0.40
Mg

cal

®No flutter up to maximm operating speed of tip Mach number 0.85.

NATTONAL ADVISORY
COMMITTEE FOR ATRONAUTICS
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Flgure 1.- Diagram of velocitles and forces considered in
analysis.
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Fig. 3
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(a) Tunnel open. For fan A, M, = 0.6L; for fan B (upper surface),
My, = 0.65; and for fan C (lower surface), M., = 0.43.
Flgure 10.- Variatlon of power loading, CL for 0,9 radius,
and fan efficlency with tip Mach number.
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Figure 1C.=- Continued.
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{¢) Tunnel blocking, 49 percent, For fan A, M., = 0.66; for fan B
(upper surface), M., = 0.61; and for fan C (lower surface),
Mg = 0.50.

Flgure 10.~ Continued.
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Figure 10.- Continued.
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(e) Tunnel blocking, 75 percent.
Filgure 10.- Concluded.



Fig. 11 NACA TN No. 1330

8

6 de
y
J L .
o
ol
» —
»
<
)= 2
-t
=
»
~
(o]
~
) O
o
<

(U RSN, S— )
=2 S —_—
<Y - A -
0 4 .8 1.2 1.6

CL

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 1l.- Blade-tip twlsting of fan B as functlion of £Cp &t

= Ooh.

0.9 radius for constant fan speed;
Q31 v



